We have tested the fate of a circularized synthetic pre-mRNA transcript in a whole cell splicing extract of Saccharomyces cerevislae. Our results demonstrate that this circular precursor RNA is able to induce spliceosome formation In vitro and that the products of the following splicing reaction are the lariat-shaped Intron, and a mature circular mRNA. Thus, It would appear that free 5' and/or 3' ends are not obligatory for a splicing reaction to occur, although we find its efficiency to be strongly influenced by the presence or lack of free ends. To our knowledge, this is the first demonstration that a circular pre-mRNA molecule is recognized as a suitable substrate by an eukaryotic mRNA splicing apparatus.
INTRODUCTION
In Saccharomyces cerevisiae, cw-acting elements which initially influence splice site selection are the 5' (GUAUGU) and 3' (AG) splice sites, the branch point (UACUAAC), the length and sequence of the intron itself, and the lengths of the exons surrounding the intervening sequence (1) (2) (3) (4) (5) (6) (7) (8) . The actual splicing of a pre-mRNA transcript occurs in two successive transesterification reactions. In the first step, the 2' hydroxyl of the branch site nucleotide attacks the 5' splice site, causing the formation of a 2'-5' phosphodiester bond in the lariat-shaped splicing intermediate. The second transesterification occurs when the 3' splice site undergoes nucleophilic attack by the terminal 3' hydroxyl of the 5' exon, culminating in the ligation of the two exons and the complete excision of the branched intron (9) (10) (11) .
In higher eukaryotes, further c«-structural requirements which have been proposed to influence the splice reaction are the 5' m 7 GpppG cap and the poly(A) tail. In several cases, a cap structure dependence was demonstrated for pre-mRNA splicing in mammalian in vitro systems (12) (13) (14) . In contrast, in S.cerevisiae, it has been shown in vitro and in vivo that a 5' m 7 GpppG cap and a poly(A) tail are not absolute necessities for a splicing reaction of pre-mRNA (7, (15) (16) (17) . Moreover, in vivo experiments with chimeric pre-tRNA molecules in which the MA1h\ mRNA intron replaced the original intron of the SUP6 tRNA 1^ suggested that it is the pre-mRNA intron in its entirety which is sufficient to identify any RNA precursor as a substrate for an mRNA splicing reaction in S.cerevisiae, and that no other cis elements are necessary (16) . However, these analyses did not answer the question whether the splicing of a pre-mRNA is dependent on the availability of free 5' and/or 3' ends of the splicing substrate. To analyze this specific aspect of splicing, and to ascertain whether a circular transcript can possibly be a splicing substrate, we circularized an in vitro synthesized pre-mRNA transcript, and subjected the circular molecule to a whole cell yeast splicing extract under splicing conditions. We could demonstrate that, despite a decrease in the efficiency of the splicing reaction, the yeast splicing machinery is capable of identifying and excising the intron from the circular transcript in a process which also yields the joined exon sequences in a circular form. -3, prcl-126) were used to prepare the whole cell extract for the in vitro splicing reactions (15) .
MATERIALS AND METHODS

Bacterial and yeast strains
Plasmid construction
The pM5actl construct is derived from a pMac5 vector (20) containing a truncated version of the ACT1 gene of S.cervisiae (21) , whereby the first exon is reduced from its 5' end to 82 nt and the second exon from its 3' end to 169 nt. For the control construct, pM5act2, the 309 nt long intron in pM5actl was deleted with the oligonucleotide CAGCAACCTCAGAATCCAT according to Kunkel (22) . The DNA sequences of both constructs were confirmed by analysis on a DNA sequencer from Applied Biosystems.
Synthesis and circularization of transcripts
All in vitro transcriptions were performed according to Melton et al. (23) GpppG or 2.3 mM GMP, depending on whether or not the transcripts generated were to be ligated] were combined in a volume of 10 111; the reaction was performed for 20 min at 37 °C. After analysis of an autoradiograph of the transcript on a denaturing polyacrylamide gel, the transcript was eluted in 400 jxl of elution buffer (500 mM NH4AC, 10 mM MgCl 2 ,100 |iM EDTA, 0.1% SDS) by shaking for 120 min at room temperature. The ligation reaction was performed with 1.4 pmol of gel-purified linear transcript incubated in the presence of 50 mM Hepes, pH 8.3, 10 mM MgCl 2 , 50 ng/ml BSA, 5 mM DTT, 2 mM ATP and 100 U T4 RNA ligase (Amersham) in a total volume of 10 jil at 12°C for -14 h according to Uhlenbeck and Gumport (24) . The ethanolprecipitated ligation reaction was electrophoresed on a 6% polyacrylamide (19:1)-8 M urea gel in order to separate the ligated circular product from the remaining linear transcript. The yields varied between 5 and 9% of the initial input.
Splicing reaction
In a standard splicing reaction, -130 fmol of radiolabeled pre-mRNA transcript, circular or linear, was given to a total reaction volume of 10 JJ. 1 according to Lin et al. (15) . After 20 min at 25 °C, the splice reactions were stopped with 1/5 vol of stop mix (1 mg/ml proteinase K, 50 mM EDTA, 1 % SDS) and the mixture was incubated at 37 °C for 15 min. Eighty-eight |jj of a mixture containing 50 mM sodium acetate, pH 5.0, 1 mM EDTA, 0.1% SDS and 25 |ig/ml E.coli tRNA were then added and the proteins were removed by two extractions with equal volumes of chloropane, followed by one final extraction with an equal volume of chloroform-isoamylalcohol (24:1). The nucleic acids were precipitated with 3 vol of ethanol, rinsed with 70% ethanol and dried. The reaction products were then analyzed directly by electrophoresis on polyacrylamide urea gels and autoradiographed. 
Glycerol gradient and gel electrophoresis
Splicing reactions with a total volume of 30 uJ were performed at 25 ° C for 20 min, and stopped by placement on ice and addition of 0.6 (il of heparin (100 mg/ml) to each. electrophoresis, an autoradiograph was made to ascertain the positions of products and educts. For elution, the desired products were excised and then eluted with 400 ul of a mixture containing 500 mM ammonium acetate, 10 mM MgCl 2 , 0.1 mM EDTA, 0.1% (w/v) SDS, 3 ng/uJ tRNA, precipitated with 2.5 vol of ethanol, washed with 70% ethanol and dried in vacuo. The eluted RNA was loaded onto a 9% polyacrylamide (19: l)-8 M urea gel as described before and electrophoresed.
2-Dgels
Splicing reactions were performed as described above, and loaded onto a 5% polyacrylamide (19:1)-8 M urea gel. The experiment was then conducted according to a modification of the method described by Domdey et al. (11) . The samples were electrophoresed until the bromophenol blue had migrated -15 cm, whereupon the electrophoresis was stopped and the gel dismantled. Each lane was transferred to a prepared glass plate.
A new gel [8% polyacrylamide (19: l)-8 M urea] was then poured around the sample and allowed to set. Then electrophoresis was carried out in die second dimension to completion. Afterwards, the gels were fixed in 3% glycerol, 20% EtOH, 10% acetic acid for 20 min before transferring to Whatman 3 MM paper, dried at 80 °C for 120 min and autoradiographed.
RESULTS
Synthesis and circularization of an ACT1 derived pre-mRNA transcript
For the in vitro transcription of a part of the intron-containing yeastACTV gene (21), a BamHl-EcoRl fragment of ACT 1 DNA (11) was inserted downstream of the T7 promoter of the vector pMac5 (20) to create the construct pM5actl (Fig. 1A) . In preparation for the in vitro ligation of the transcript, GMP was used to prime the synthetic transcripts instead of cap dinucleotides to ensure that they began with a 5' monophosphate. The ligation reaction with the gel-purified pM5actl transcript yielded a circular pre-mRNA as a major product. This circular precursor was identified initially by its abnormal migration behavior during polyacrylamide gel electrophoresis. After elution from the gel, its circular character was manifested by the transcript's conversion into a linearized monomeric form when subjected to limited cleavage conditions and electrophoresis (data not shown). These attributes are experimental evidence of a covalently closed circular molecule.
As the splice product of the circularized pM5actl transcript (Fig. IB) was expected to be a circular molecule, a second construct was generated, pM5act2, in which the entire ACT1 intron (309 nt) had been deleted (Fig. 1A) . The transcript of pM5act2 was circularized to serve as a size marker.
Spliceosome formation with a circular pre-mRNA transcript
A critical question was whether a circular pre-mRNA molecule was able to induce spliceosome formation in vitro. To test this, the products of a splicing reaction with the radioactively labeled circular pre-mRNA were fractionated on a 15-40% glycerol gradient and the fractions analyzed on a denaturing polyacrylamide gel (Fig. 2) . A second splicing reaction performed with the same RNA transcript in its linear form served as positive control.
The distribution of the radioactivity within the gradient fractions of the control reaction with the linear transcript revealed three major peaks, whereby the third and largest peak at the top of the gradient ( Fig. 2A, III) corresponds to the naked linear pre-mRNA (25) . Peak II represents pre-mRNA associated with spliceosome components; this complex is defined as a splicingindependent association. The smallest peak in the graph was distributed over the fractions expected to contain the active splicing complex (peak I).
The corresponding graph of the gradient with the circular substrate showed two prominent peaks in the equivalent positions of the control peaks II and HI, and a third, albeit very small one at the position of peak I in the control (Fig. 2B) . In analogy to the graph of the control, peaks HI and II would contain circular precursor RNA, which is either unassociated or associated with cellular splicing components, respectively. Because of the diminutive nature of peak I, definitive evidence for the formation of an active splicing complex with the circular transcript was not immediately manifest (Fig. 2B) .
Consequently, the RNA contained in the gradient fractions was analyzed on denaturing polyacrylamide gels ( Fig. 2C and D) . The autoradiograph in Figure 2C shows a gel analysis of the glycerol gradient performed with a splicing reaction of the linear pre-mRNA transcript. The linear precursor is seen throughout all fractions, from 7 to 43, which comprise peaks I and II (peak m is not shown). The appearance of the excised intron and extended lariat coincided with peak I in fractions 17-29. (Fig. 2C) . (Fractions 21-25 had been pooled to increase the intensity of the signal of the extended lariat, as visualization of this intermediate proved to be especially difficult with the circular pre-mRNA.) The final spliced transcript (251 nt) was faintly visible throughout the gradient from fraction 21 onwards. This distribution of the final splice products in a glycerol gradient is not unusual as they are known to dissociate from the spliceosome during centrifugation (25) .
Electrophoretic analysis of the RNA contained in the glycerol gradient which had been performed with the splicing assay of the circular transcript is depicted in Figure 2D . The autoradiograph demonstrates several products unique to a reaction with a circular precursor RNA (Fig. 2D) . The circular transcript (560 nt) and its 'nicked', linearized form appeared repeatedly in later fractions than the linear precursor, and were visible throughout the fractionated gradient thereafter. The splicing intermediate, an extended lariat, is visible in fractions 19-25 (peak I) along with an excised intron, indicating that an active splicing complex was formed. It is noteworthy that the extended lariat derived from the circular RNA precursor (560 nt) migrated slower than the corresponding molecule of the linear precursor (478 nt). This is due to the fact that the former RNA species is comprised of the entire precursor RNA (560 nt) while the latter lacks exon 1 (82 nt).
Complete processing of a circular pre-mRNA transcript
The appearance of the excised intron (Fig. 2D) suggested that a splicing reaction had been completed. Hence, if the excised intron resulted from the circular precursor, then the postulated circular splicing product should also be present on the same denaturing polyacrylamide gel. Such a circular splice product would be expected to migrate much slower than its linear counterpart (251 nt). Indeed, an additional RNA band was easily visible in fraction 39 (Fig. 2D ), running slightly above the linear form of the circular transcript (560 nt). To verify the identity of this putative splice product, a gel piece containing the demarcated area (indicated on the autoradiograph of Fig. 2D ) from fractions 37, 39 and 41 was excised and eluted. In parallel, the linear splice product (251 nt) of the same fraction numbers was eluted from the gel in Figure  2C . The eluted RNAs were then electrophoresed again on a denaturing 9% polyacrylamide-8 M urea gel alongside the circularized control transcript of pM5act2. The autoradiograph of this gel (Fig. 3) , shows the position of the circular control at the top of lane 3. An additional band seen at the bottom of the same lane migrated at about the same position as the linear splice product shown in lane 2, indicating that the circular RNA species was easily converted into its linear monomeric form (251 nt). The slight difference in the electrophoretic mobility of the nicked linear form of the pM5act2 compared to that of the linear splice product is most probably due to the charge of the extra phosphate molecules present on the cap of the linear splice product Because the transcript of pM5act2 was made with GMP, it lacks these phosphates. In lane 1, which contained the putative circular splice product, two signals are visible. As expected, the linear monomeric form of the circular precursor presented the stronger signal. However, there is clearly a signal in lane 1 parallel to the position The symbols on the right depict the composition of the different RNA species. Every other fraction was taken for analysis, starting with 7 up to 43, with the exception of fractions 21-25, which were pooled after extraction and precipitation. [Areas demarcated on both gels were excised later and the RNA eluted for further gel electrophoretic analysis (Fig. 3) .] of the circular control transcript of pM5act2. As this transcript had been designed to mimic the expected circular splice product (Fig.  1A) , this result-together with the slower mobility of the extended lariat-provided strong evidence for successful splicing of the circular pre-mRNA by a whole cell extract derived from S.cerevisiae.
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A covalently closed circular RNA migrates abnormally in a 2-D gel
To confirm the circular nature of the putative splice product, we employed the method of 2-D gel electrophoresis whereby a circular RNA species can be distinguished unequivocally from the linear one (11) . In this method, the linear RNAs lie on a diagonal track in a 2-D gel because their relative electrophoretic mobilities are independent of the different percentages of the polyacrylamide used in the first and second dimension. As this is not true for circular RNA molecules, they can be recognized by the deviation of their position from the diagonal. Splicing reactions were performed with linear and circular pre-mRNA transcripts, the RNA was extracted and separated first on a denaturing 5% polyacrylamide gel and then on a denaturing 8% polyacrylamide gel. In the autoradiograph of the gel of the splicing reaction with the linear transcript, RNA molecules which migrate below the diagonal of linear RNA were discernible (Fig.  4A) . These molecules represent the extended lariat (spot 1), the excised intron (spot 2) and its tailless version (spot 3) (11) .
For the 2-D gels of the splicing reactions with the circular transcript, the reaction products of two separate reactions were pooled, and subsequently divided in two equal aliquots. The circularized control transcript of pM5act2 (-200 c.p.m.), was added to one of the aliquoted precipitates before loading to
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over, when the PCR products were subjected to restriction hydrolysis with Accl, which cleaves once within the second exon of the ACT1 gene, the expected shift in electrophoretic mobility was observed in both. The sequence of the RT-PCR product of the eluted putative circular splice product (spot 4), confirmed that exon 1 and exon 2 of the ACT1 gene had been spliced together across the 5' and 3' splice sites (data not shown). Given this remaining evidence, we conclude that the mature splice product resulting from a splicing reaction with a circularized pre-mRNA transcript is circular in nature. Figure 3 . Autoradiograph of a 9% denaturing polyacrylamide gel showing the migration of the gel-eluted RNA species from the demarcated areas indicated in Figure 2C and D. Lane 1, linearized circular transcript as well as the proposed circular splice product eluted from lanes 37-41 in Figure 2D . Lane 2, splice product derived from the splicing reaction with the linear pre-mRNA transcript of pM5actl eluted from lanes 37-41 in Figure 2C . Lane 3, circularized control transcript (200 c.p.m.) of pM5act2 which mimics the expected cirular splice product. M: 32 P-labeled marker of //poll-digested pBR322 DNA.
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facilitate the localization and identification of the expected circular splice product. Once again, in the autoradiograph of Figure 4B , RNA molecules migrating beneath the diagonal track of the linear molecules can be seen. The proximity of the extended lariat (spot 1) to the circularized pre-mRNA transcript can be explained by their identical lengths (560 nt) and their circular structures. The slight differences in the migration behaviour of these two molecules probably result from their overall differences in structure, as the circularized pre-mRNA transcript has the full circumference of 560 nt, while the extended lariat has only a 266 nt portion of the intron which is circular. Spots 2 and 3 in Figure  4B represent the excised intron in its original lariat-shaped form and its truncated, tailless version, respectively. Spot 4 represents the smallest circular RNA species, and very likely depicts the circular splice product The assumption that this RNA is indeed the expected circular splice product was verified by the addition of the circularized control transcript of pM5act2 which resulted in a strong increase in the intensity of the signal of this uppermost circular RNA molecule (Fig. 4C) . As the circularized control transcript of pM5act2 was shown to comigrate with this putative circular splice product during electrophoresis in both dimensions, we concluded that the circularized pre-mRNA transcript of pM5actl had been processed to a circular mRNA product. This conclusion was corroborated by the result of a RT-PCR reaction executed such that amplification occurred across the splice junctions of the putative splice product For this experiment, RNA representing spot 4 was eluted from a denaturing 2-D gel, reverse transcribed, and the corresponding cDNA subjected to a polymerase chain reaction with the appropriate primers. Electrophoretic analysis of the resulting PCR fragment snowed a band running parallel to the PCR product of the circularized control construct, pM5act2, at the appropriate position. More-
DISCUSSION
Our results have demonstrated that a circularized pre-mRNA precursor can be recognized as a substrate for an in vitro splicing reaction in S.cerevisiae, albeit with less efficiency than a normal linear pre-mRNA. Therefore, free 5' and/or 3' ends of a pre-mRNA precursor are not obligatory for a splicing reaction to occur. Our data furthermore prove that-at least in our model system-an intron is in itself sufficient to initiate a splicing reaction within a circular precursor RNA in vitro.
One possible reason for the inefficiency we observed might be that PRP proteins, which are believed to have RNA helicase activity, are unable to function properly without available free 5' and/or 3' ends. PRP2, a known putative RNA helicase of the DEAH sub-class of helicases, has actually been proven to have direct, albeit transient, contact with the pre-mRNA during the splicing reaction in vitro (26) (27) (28) . Hence, it might be that certain attributes of a covalently circularized pre-mRNA transcript hinder an RNA displacement or helicase activity of PRP proteins without obstructing it totally, resulting in a decrease in the efficiency of the first step of the splicing reaction.
Another plausible explanation for the inefficiency of a splicing reaction with a circular pre-mRNA might be the inability of the cap binding protein complex (CBC) to function properly without an available free 5' cap structure [m 7 G(50ppp(50N]-The importance of a cap structure for the efficiency of a splicing reaction has been well established for splicing reactions in extracts prepared from higher eukaryotes (12) (13) (14) . However, it is known that a cap structure is not absolutely essential for splicing in yeast (7, (15) (16) (17) . Since the elF^A subunit of the cap binding translation initiation complex eIF-4F, which is the DEAD-box prototype, has been found to have an RNA helicase activity (29) , it is possible that an RNA helicase activity might also be present within the cap binding complex of the nucleus. Hence, if a component of the CBC could not recognize the 5' end of a pre-mRNA transcript, then it would be more than probable that a purported helicase activity of the CBC would not be able to function properly with a covalently closed circular pre-mRNA transcript, resulting in a decrease in splicing efficiency.
Although the presence of the excised intron in our autoradiographs of the fractionated gradients and the 2-D gels was an indication that a splicing reaction had taken place, it would not necessarily indicate that it stemmed from the circular precursor RNA. An excised intron could also result from a splicing reaction with a linearized circular transcript However, in both the gradient and the 2-D gels, the signals of both the extended lariat of the splicing reaction with the circular precursor and its corresponding intron are clear and concise, not a smear which would be expected from splicing reactions with randomly nicked circular pre-mRNAs. Furthermore, the migra- tion of the gel-eluted mature circular RNA splice product parallel to the circularized control transcript of pM5act2, which mimicked the expected circular splice product, confirmed the successful completion of the splicing reaction with the transcript of the circularized pM5actl. Evidently, the spliceosome components are able to initiate scanning for splice sites internally without compromising the 5'-3' polarity, i.e., certain spliceosome components in yeast do not require any free ends to have access to the splice sites. While the first step of the splicing reaction of a linear precursor gives rise to two intermediates, the 5' exon and the extended lariat, the same transesterification reaction with a circularized precursor results in a single extended lariat Oariat-exon 2-exon 1). The consequence of such a molecular configuration is that the second nucleophilic attack is performed by the same molecule which is being attacked, i.e., the 3' end of the extended lariat would attack the upstream 3' splice site. Because of this self-afflicted nucleophilic reaction, we postulate that exon 1 remains at a specified position within the spliceosome. However, at present, it is not known how or which of the snRNPs are favoring the completion of the splicing reaction with the circularized precursor. The requirements for the topology of a splicing reaction with a circular pre-mRNA should provide some interesting insights into the interactions of the individual snRNPs with one another, as well as into the question of the actual catalytic center of the spliceosome. For the process of pre-mRNA splicing in S.cerevisiae, it is still uncertain as to whether the catalytic center resides in the intron itself, in the U6 snRNA, or in both, although several proposals have been made regarding the nature of the catalytic center of the spliceosome (30-36) .
When regarding the topology of the splicing reaction with a circularized transcript, one might be surprised that such a splicing reaction was able to occur in an organism which is so restrictive in its requirement for specific c«-acting sequences. As mammals have very liberal requirements for m-acting sequences, a splicing reaction with a circular pre-mRNA transcript should even be more likely to occur in a splicing reaction with a splicing extract derived from a higher eukaryote (37) . On the other hand, one could argue that the specific c«-acting elements of the yeast intron actually make a splicing reaction with a circular precursor easier because the intron is more readily identified by the components of the spliceosome. Hence, it could be that in mammals a splicing reaction with a circularized pre-mRNA transcript could not progress to completion. The recently established evidence for the in vivo existence of circular mRNAs in mammals (38) (39) (40) (41) , however, indicates that this is not the case. Since these circular products might derive from a pseudocircular pre-mRNA, formed through specific secondary structure interactions, it will be very interesting to find out if such a pseudocircular RNA could also generate circular products in a yeast in vitro splicing reaction. creative criticism and commentary and J. Thierack for the gift of an ACT1 clone. This work was supported by grant BCT0372-8 from the Bundesministerium fur Forschung und Technologie and by donations from Hoechst AG, Wacker GmbH and Boehringer Mannheim GmbH.
